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Abstract. We study sound speed resonance (SSR) mechanism for primordial black hole
(PBH) formation in an early universe scenario with inflaton and curvaton being mixed. In
this scenario, the total primordial density perturbations could be contributed by the fluc-
tuations from both the inflaton and curvaton fields, in which the inflaton fluctuations lead
to the standard adiabatic perturbations, while the sound speed of the curvaton fluctuations
are assumed to be oscillating during inflation. Due to the narrow resonance effect of SSR
mechanism, we acquire the enhanced primordial density perturbations on small scales and
they remain nearly scale-invariant on large scales, which is essential for PBH formation. Fi-
nally, we find that the PBHs with specific mass spectrum can be produced with a sufficient
abundance for dark matter in the mixed scenario.
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1 Introduction
Primordial black holes (PBHs) may be formed from density fluctuations in the very early
Universe [1–3], which can be tested through their effects on a variety of cosmological and
astronomical processes. In this regard, the PBHs can serve as an inspiring tool to probe
physics in the very early Universe [4, 5]. In particular, PBH could be a potential candidate
for (a fraction of) dark matter (DM), which has drawn a lot of attention [6, 7]. PBHs with
masses . 1015 g would have evaporated at the present time due to the emission of Hawking
radiation [8], and the emitted particles may impact the gamma-ray background [9] and the
abundance of light elements produced by the big bang nucleosynthesis [10]. For the PBHs with
masses greater than 1015g, they could survive up until the present epoch and are expected
to be constrained by their gravitational effects, such as gravitational lensing [11], dynamical
effects on baryonic matter [12], or the fast radio burst created by mergers of charged PBHs
[13]. Recently, particular attention has been paid to the gravitational waves (GWs) generated
by PBH-PBH mergers [14–16], as well as the induced GWs from the enhanced primordial
density perturbations associated with PBH formation [17–22]. The GW survey shall be a
promising window to reveal physical processes of PBH formations.
Some high-density regions of the very early Universe are expected for PBH formation.
One possibility is that there were large primordial inhomogeneities, and the resulting over-
dense regions might collapse to form PBHs [23]. This motivates many theoretical mechanisms
of generating PBHs, which often require a power spectrum of primordial density perturba-
tions to be suitably large on certain scales that are associated with a particularly tuned
background dynamics of quantum fields in the very early Universe (e.g. see [7, 24–44] for
studies within inflation, see [45, 46] for discussions within bounce cosmologies, and see [5] for
recent comprehensive reviews).
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Recently, a novel mechanism for PBH formation by virtue of sound speed resonance
(SSR) was proposed in [47]. According to this mechanism, it was found that an oscillating
sound speed square could yield non-perturbative parametric amplification on certain per-
turbation modes during inflation. As a result, the power spectrum of primordial density
perturbations can have a narrow major peak on small scales, while remains nearly scale-
invariant on large scales as predicted by inflationary cosmology. Note that several minor
peaks of the power spectrum of primordial density perturbations on smaller scales are also
predicted by this mechanism. It was found in [47] that the formation of PBHs caused by
the resulting peaks in SSR mechanism could be very efficient, which could be testable in the
future observational experiments.
Primordial density perturbations seeded the large-scale structure (LSS) of the Universe,
are usually thought to arise from the quantum fluctuations during the inflationary era, from
which a nearly scale-invariant power spectrum with a standard dispersion relation is obtained
[48]. This was confirmed by various cosmological measurements such as the cosmic microwave
background (CMB) radiation [49, 50] and LSS surveys at extremely high precision. It is inter-
esting to note that, any light scalar field during inflation could lead to a nearly scale-invariant
power spectrum. This leads to an alternative mechanism for generating nearly scale-invariant
primordial power spectrum from an additional light scalar field rather than the inflaton,
which is called the curvaton scenario [51–55] (see also [56–61] for discussions within bounce
cosmologies), and it can be further generalized by including both inflaton and curvaton, which
is dubbed as the inflaton-curvaton mixed scenario [62–68]. In the latter case, primordial den-
sity perturbations are generated by both the inflaton and curvaton fluctuations, in which
the inflaton fluctuations lead to the adiabatic perturbations, while the curvaton carries the
isocurvature (entropy) perturbations during inflation, and convert into the primordial density
perturbations in the post-inflation era.
In this work, we consider the inflaton-curvaton mixed scenario, by assuming a slow-roll
inflationary background where the inflaton potential is characterized by the slow-roll parame-
ter  1. And  is assumed to be time-independent under the quasi-de Sitter approximation.
We generalize the SSR mechanism [47] into the curvaton sector, i.e. the curvaton fluctua-
tions propagate with a time-dependent oscillating sound speed during inflation. The modes
around the characteristic wave lengths can be exponentially amplified due to the narrow res-
onance effect of SSR mechanism. Consequently, we acquire the enhanced primordial density
perturbations on small scales, which is essential for PBH formation.
This article is organized as follows: in Section 2, we briefly describe the inflaton-curvaton
mixed scenario, and apply SSR mechanism in this scenario. The enhanced mode functions
around the characteristic scales of the curvaton perturbations are obtained. After that, we
calculate in detail the resonating inflaton and curvaton fluctuations under the de Sitter ap-
proximation and the quasi-de Sitter approximation, respectively. In Section 3, we discuss
the generation of primordial density perturbations in our scenario, and numerically derive
the constraints on the corresponding parameter space. The parametrized power spectrum is
then obtained. In Section 4, we acquire the specific PBH mass spectrum which is within the
current bounds of various experiments. We conclude by presenting our results with discussion
in Section 5.
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2 SSR in the inflaton-curvaton mixed scenario
2.1 Introduction to the inflaton-curvaton mixed scenario
As mentioned previously, in the inflaton-curvaton mixed scenario, the total primordial cur-
vature perturbation ζ on uniform-density hypersurfaces is contributed from both the inflaton
perturbation and the curvaton perturbation [62, 66]
Ptotζ = Pφζ + Pσζ , (2.1)
where Pφζ and Pσζ account for the contributions from inflaton φ part and curvaton σ part,
respectively. The primordial power spectrum Pφζ is nearly scale-invariant on super-Hubble
scales [48]
Pφζ =
1
8pi2
(
H∗
Mp
)2
, (2.2)
where ∗ refers to the quantity evaluated at Hubble-exit k = aH, and M2p = 1/8piG is the
reduced Planck mass. In our work, the value of the slow-roll parameter is chosen as  = 0.001.
Note that according to the observation [50], the scale-invariant power spectrum on large scales
is measured as
Pobsζ ∼ 2× 10−9 , (2.3)
which implies that Ptotζ ' Pobsζ on large scales in the mixed case (2.1), and hence, the
parameter choices ought to be in agreement with this requirement.
We further assume that the inflaton φ and the curvaton σ are uncorrelated. For sim-
plicity, we consider the case that the curvaton’s potential is quadratic 1 , i.e.
V (φ, σ) = V (φ) +
1
2
m2σσ
2 , (2.4)
where V (φ) is the inflaton potential and mσ is the mass of curvaton which is a positive con-
stant. In the standard curvaton scenario, the curvaton is expected to be light (mσ  H) and
subdominant during inflation, while the inflaton drives the inflationary expansion of back-
ground. After inflation, the Hubble parameter drops into the regime H ∼ mσ, then the
curvaton starts oscillating about the minimum of its potential. At this oscillating phase, the
curvaton behaves like the pressure-less matter, such that the time-averaging energy density
evolving as ρ¯σ ∝ a−3. Primordial density perturbations are generated from the curvaton fluc-
tuations when curvaton decays. In the mixed case, these physical processes still hold. Note
that, it is clear from the CMB observations that the primordial isocurvature perturbations
had to be subdominant [53, 72], while the adiabatic mode led to a good agreement with obser-
vations [49, 50]. Since the curvaton carries the entropy perturbations at the primordial epoch,
making it possible to leave isocurvature perturbations after the curvaton decays. However,
so long as the curvaton decays into radiation before primordial nucleosynthesis, the entropy
perturbation can be converted to an adiabatic one. This also requires that all the species are
in thermal equilibrium and that the baryon asymmetry is generated after the curvaton decays
1 In a realistic model that leads to the oscillating sound speed of curvaton, this case would be changed
when curvaton couples to inflaton or other field(s). These couplings in fact give a time-dependent effective
mass meff(t) to curvaton [54, 69, 70]. Moreover, the curvaton’s potential, in any case, virtually quadratic
sufficiently close to the minimum [71]. And thus, our analyses in this paper are still valid when coupling
exists.
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[54, 71]. To agree with the observational constraints on the isocurvature perturbations, we
assume that the curvaton satisfies the above conditions to avoid any residual isocurvature
perturbations.
2.2 SSR mechanism applied in the inflaton-curvaton mixed scenario
Inspired by the parametrization form suggested in [47], the sound speed square parameter
for the curvaton field is time-evolving during inflation and is assumed to be parametrized as
follows:
c2s = 1− 2ξ[1− cos(2k∗τ)], with τ > τi , (2.5)
where ξ is a small dimensionless quantity that measures the oscillation amplitude and k∗ is
the oscillation frequency. Note that, ξ < 1/4 is required such that c2s is positively definite,
and the oscillation begins at τi, where k∗ needs to be deep inside the Hubble radius with
|k∗τi|  1. Moreover, we set c2s = 1 before τi and phenomenologically assume that it can
begin to oscillate smoothly. And we also make an assumption that the sound speed square
recovers c2s = 1 smoothly at the end of inflation. The SSR mechanism was first studied in
[47], in which the inflaton was assumed to undergo the SSR rather than the curvaton. Note
that, the sound speed parameter cs of curvaton can deviate from unity during inflation via a
non-canonical kinetic term. This may arise when curvaton models are embedded in some UV-
complete theories, such as D-brane dynamics in string theory [73, 74], or k-essence [75, 76],
or by introducing a coupling to another field from the effective field theory viewpoint when
the heavy modes are integrated out [77–79]. The study on the detailed realization is on-going
in the follow-up work.
We start from the Mukhanov-Sasaki equation for the canonically normalized field per-
turbation [80, 81]
v′′k +
(
c2sk
2 − z
′′
z
)
vk = 0 , (2.6)
where the prime denotes the derivative with respect to the conformal time τ (i.e. dτ = dt/a
and a is the scale factor), and we have introduced the variables
v ≡ a
cs
Qσ, z
2 =
a2
c2s
(
σ¯′
H
)2
, (2.7)
where H is the comoving Hubble parameter and Qσ is the gauge-invariant curvaton pertur-
bation
Qσ = δσ +
σ¯′
Hψ . (2.8)
Note that in the spatially flat gauge ψ = 0, Qσ coincides with δσ.
For a homogeneous background, the curvaton satisfies the background equation of motion
(EoM) as follows:
χ′′ +
(
a2m2σ −
a′′
a
)
χ = 0 , (2.9)
where we have defined χ(τ) ≡ a(τ)σ¯(τ). In a quasi-de Sitter approximation, the scale factor
behaves as a(τ) ' 1/H(− 1)τ , and the term a′′/a can be expanded in terms of the slow-roll
parameter , i.e. a′′/a = (2+3)/τ2 +O(2) [82]. Taking η ≡ m2σ/H2 and expanding for small
values of  and η, EoM (2.9) can yield the solutions of a power-law form χ ∝ τα± , where
α± =
1
2
(
1±
√
−4(−3+ η) + 9
)
, (2.10)
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where α− and α+ denote a near-constant solution and a decreasing solution for σ¯, respectively.
According to the constraints (3.12) on the background curvaton field, the decreasing solution
needs to be dropped. Then we have σ¯(τ) ' σ¯∗(τ/τ∗)1+α− , where σ¯∗ is evaluated at Hubble-
exit of the relevant mode. Thus, the term σ¯′/H is estimated as
σ¯′
H '
σ¯∗
τ
1+α−∗
(α− − α− + − 1)τ1+α− . (2.11)
By using the expression (2.10), the effective mass term z′′/z can be expanded in terms of
small amplitude ξ and slow-roll parameter 
z′′
z
=
α2− − α− + − 2α−
τ2
+
4k∗ξ
τ
(−+ α−) sin(2k∗τ) + 4k2∗ξ cos(2k∗τ) +O(ξ2, 2) .
(2.12)
Note that in the de Sitter limit  → 0 and using the assumption that the curvaton is
very light during inflation, where η → 0, the above expression of z′′/z (2.12) reduces to the
one in [47]. In the SSR mechanism, the oscillation of sound speed square starts inside the
Hubble radius with |kτ |  1, and thus the first two terms in z′′/z (2.12) become negligible on
sub-Hubble scales. Consequently, Eq. (2.6) can be approximated in the form of the Mathieu
equation:
d2vk
dx2
+ (Ak − 2q cos 2x)vk = 0 , (2.13)
where x = −k∗τ , Ak = k2k2∗ (1−2ξ) and q = (2−
k2
k2∗
)ξ, of which the solution is the combination
of Mathieu cosine and sine functions, as shown explicitly in Appendix A. The solution can
be exponentially amplified in some regions of parameter space, which is the key idea of
enhancing the primordial fluctuations in SSR mechanism [47]. Since the parameters Ak and
q in the Mathieu equation (2.13) are the same with [47], both results of vk should coincide
with each other on sub-Hubble scales. The solution of Eq. (2.13) does not manifestly rely
on the inflationary background on sub-Hubble scales since this equation does not involve any
background model parameters such as the slow-roll parameter . On super-Hubble scales, our
numerical results show that the resonating inflaton and resonating curvaton match reasonably
well, as shown in Fig. 1.
We mention that around the characteristic scale kc ' (1+ξ)k∗, the mode function vkc(τ)
oscillates and increases inside the Hubble radius, while on super-Hubble scales, vkc(τ) behaves
as ∼ 1/τ , and thus the curvaton field fluctuation δσ is nearly frozen. For other modes k 6= kc,
the mode function is not amplified, which behaves like the Bunch-Davis (BD) vacuum [47].
Note that in the Mathieu equation (2.13), ξ is small and thus |q|  1, implying that resonance
bands are located in narrow ranges about the harmonic frequencies k ' nkc with n being an
arbitrary integer number. This is the narrow resonance effect for the SSR mechanism. The
growth of vkc(τ) can be estimated by
|vkc(τ)| ∝ exp(ξkcτ/2) , (2.14)
which is denoted by a green solid curve in Fig. 1. The amplification ceases around Hubble-
exit, since the first term in Eq. (2.12) becomes dominant on super-Hubble scales.
The above analyses show that, in the SSR mechanism, the behaviours of mode functions
vk(τ) of resonating inflaton and curvaton are very similar under the quasi-de Sitter approx-
imation, which are presented in Fig. 1. We also find that the de Sitter approximation and
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Figure 1. Comparison between the de Sitter approximation and the quasi-de Sitter approximation
of resonating inflaton and curvaton whose modes are in the neighborhood of the characteristic scale
kc. Numerical results of the resonating inflaton in the de Sitter approximation and the quasi-de Sitter
approximation are given by the cyan dashed line and the purple dashed line, respectively. One can see
that these two results match well to a large extent. The numerical results of the resonating curvaton
in the quasi-de Sitter approximation and under the Starobinsky inflation model are given by the grey
solid line and the pink solid line, respectively. The orange solid line represents a mode k 6= kc that
is not resonating. The growth of mode function is depicted by the green solid line, which can be
described as |vkc(τ)| ∝ exp(ξkcτ/2).
the quasi-de Sitter approximation match well for resonating inflaton in the previous work
[47]. For the exact solution of resonating curvaton in a quasi-de Sitter background, one needs
to choose a specific model of inflation, and numerically solve the Mukhanov-Sasaki equation
(2.6) combining with the background equation (2.9). For instance, we present the numerical
result for the Starobinsky inflation model [83] which is represented by the pink solid curve in
Fig. 1. The numerical solution of vk(τ) in this model matches the solution in the quasi-de
Sitter approximation (depicted by the grey solid line) on both sub-Hubble and super-Hubble
scales, as shown in Fig. 1.
Note that the amplified mode function (2.14) will lead to enhanced curvature perturba-
tion after inflation through the conversion of entropy perturbations carried by curvaton. In
the following section, we will discuss this aspect in detail.
3 Primordial density perturbations in the inflaton-curvaton mixed sce-
nario
3.1 Primordial curvature perturbation from resonating curvaton
On super-Hubble scales, the curvature perturbations on uniform-density hypersurfaces can
be written as [71, 84]
ζi(t,x) = δN(t,x) +
1
3
∫ ρi(t,x)
ρ¯i(t)
dρ˜i
ρ˜i + Pi(ρ˜i)
, (3.1)
where the subscript i denotes either inflaton φ, curvaton σ or total energy density. ωi = Pi/ρi
is the equation-of-state parameter, and ρi (ρ¯i) denotes the (background) energy density of
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the i-th field component. Using Eq. (3.1), the local density of i can be written in terms of
its homogeneous value and the inhomogeneous expansion perturbation δN
ρi = ρ¯ie
3(1+ωi)(ζi−δN) . (3.2)
During the early radiation-dominated phase, the curvaton oscillates around the minimum
of its potential, but before it decays, it behaves like the pressureless matter (ρ¯σ ∝ a−3), and
then its time-averaged energy density is [54, 64]
ρσ = m
2
σσ
2 , (3.3)
where σ is the root-mean-square amplitude of the curvaton field. Using the equation (3.2)
for the oscillating curvaton, we have
ρσ = ρ¯σe
3(ζσ−δN) . (3.4)
In the post-inflation era, the curvaton is still subdominant, the spatially flat hypersurfaces are
characterized by δN = ζφ [64], where ζφ corresponds to the adiabatic perturbation generated
by the inflaton fluctuations δφ, then we yield
ρσ = ρ¯σe
3(ζσ−ζφ) . (3.5)
The entropy perturbation Sσ carried by curvaton perturbation is given by Sσ ≡ 3(ζσ − ζφ).
Combining the relations (3.3) and (3.5), one yields
m2σ(σ¯ + δσ)
2 = m2σσ¯
2eSσ . (3.6)
At the linear order, one acquires
Sσ = 2δσ
σ¯
, (3.7)
which is consistent with [71, 85] in which ζφ = 0.
In the inflaton-curvaton mixed scenario, the sound speed is assumed to transit to c2s = 1
smoothly at the end of inflation. And we also assume that the curvaton is subdominant and
weakly coupled before it decays, the dynamics of δσ can be written as
δσ′′ + 2Hδσ′ + a2m2σδσ = 0 . (3.8)
Note that comparing with (2.9), σ¯ and δσ share the same EoM. Hence, the fraction δσ/σ¯
remains constant on super-Hubble scales before the curvaton decays [52, 54, 86]. Thus, we
evaluate this fraction at the end of inflation, and the entropy perturbation (3.7) is rewritten
as
Sσ = 2δσend
σ¯end
' 2δσ∗
σ¯∗
. (3.9)
Since δσ and σ¯ are frozen on super-Hubble scales during inflation. In the mixed case, we
regard σ¯∗ and δσ∗ as the initial conditions 2.
2 Note that, if one considers an non-canonical kinematic term or a coupling to other field(s) for a curvaton
model that leads to the resonance effect, σ¯ and δσ may not share the same EoM like equations (2.9) and
(3.8). In this case, the entropy (3.9) carried by curvaton will becomes Sσ ' 2q δσ∗σ¯∗ , where the time-dependent
parameter q accounts for the evolution of the fraction δσ
σ¯
from the Hubble exit to the curvaton decay [54, 71].
One needs to resort to a numerical analysis for the dynamics of δσ and σ¯ to derive the c-number q(tdec) when
the curvaton decays [62]. And thus, q(tdec) does not deform the shape (i.e., the narrow resonance) of the
resulting amplified primordial density power spectrum. Moreover, as we will discuss later, the amplitude of
primordial density power spectrum in SSR mechanism is largely depend on the amplitude of sound speed ξ
and evolution of the Universe, the effect of q(tdec) on the efficiency of the resonance effect in SSR mechanism
can be safely neglected.
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One of constraints on σ¯∗ comes from the expectation that the quantum fluctuations in
a weakly coupled field such as the curvaton δσ∗, to be well described by a Gaussian random
field [71]. Then σ¯∗ satisfies [52]
H∗  σ¯∗ . (3.10)
In addition, σ is supposed to start oscillating before it decays and still strongly subdominant
with respect to radiation (in order to avoid the secondary inflation triggered by curvaton
[62, 87]). This implies [62]
σ¯∗ Mp . (3.11)
Thus, we now have the constraints on σ¯∗
H∗  σ¯∗ Mp . (3.12)
We assume that the inflaton completely decays into radiation immediately at the end of
inflation. Any initial inflaton perturbation would lead to a perturbation in radiation energy
density perturbation before the curvaton decays, we denote it by ρR [64]. Using the equation
(3.2), we write
ρσ = ρ¯σe
3(ζσ−δN), ρR = ρ¯Re4(ζφ−δN) . (3.13)
For simplicity, we also assume the sudden-decay approximation for curvaton, i.e., the
curvaton decays on a uniform-total density hypersurface when H = Γσ, where Γσ is the
decay rate of the curvaton (assumed to be constant). The results presented in [71] show
that the sudden-decay approximation matches well with the gradual decay approximation.
The calculation could be performed on other hypersurfaces, e.g. a uniform curvaton density
hypersurface [85]. Thus, on this uniform-total density hypersurface, we have
ρR(tdec,x) + ρσ(tdec,x) = ρ¯r(t) , (3.14)
where ρ¯r(t) is the total background energy density when the curvaton decays. Note that
δN = ζr according to the equation (3.2), and ζr is the total curvature perturbation at decay
of curvaton. Assuming all the curvaton decay products are relativistic, then ζr is conserved
after the curvaton decay and before Hubble re-enter. The equation (3.14) gives [71]
Ωσ,dece
3(ζσ−ζr) + (1− Ωσ,dec)e4(ζφ−ζr) = 1 , (3.15)
where Ωσ,dec = ρ¯σ/(ρ¯σ+ ρ¯R) is the curvaton density fraction at its decay. The equation (3.15)
gives a fully nonlinear relation between the primordial curvature perturbation ζr, the inflaton
perturbation ζφ and the curvaton perturbation ζσ. At the linear order, (3.15) gives
ζr = fζσ + (1− f)ζφ = ζφ + f
3
Sσ , (3.16)
where the energy fraction f is defined as
f =
3Ωσ,dec
4− Ωσ,dec =
3ρ¯σ
3ρ¯σ + 4ρ¯R
. (3.17)
Using (3.7) and (3.16), the total power spectrum for the primordial curvature perturba-
tion is written as
Pζr =Pζφ +
f2
9
PSσ
=
1
8pi2
(
H∗
Mp
)2
+
2
9pi2
f2(− 1)2c2s(τ∗)k|vk(τ∗)|2
(
H∗
σ¯∗
)2
,
(3.18)
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where τ∗ = −1/k. It is useful to introduce dimensionless parameter to measure the relative
contribution of curvaton to that of inflaton [64]
λ =
16
9
f2(− 1)2c2s(τ∗)k |vk(τ∗)|2
(
Mp
σ¯∗
)2
, (3.19)
then the total primordial power spectrum is given by
Ptotζ = Pζr = (1 + λ)Pζφ . (3.20)
3.2 Constraints on model parameter space
The constraints on the mixed scenario arise from two aspects: on large scales, the observa-
tional constraints (2.3) imply that Ptotζ ' Pobsζ ' 2 × 10−9; And on small scales, the power
spectrum is exponentially amplified around the characteristic scale kc due to the narrow res-
onance effect of SSR mechanism. As we work in the perturbative regime, the magnitude of
total primordial power spectrum should be limited by unity, i.e. Ptotζ (kc) < 1. The constraints
on the parameter space of the mixed scenario are shown in Fig. 2. Besides the parameters
in SSR mechanism {ξ, τi, k∗} [47], the set of parameter space is given by {f,m, h}, where
the energy fraction f (3.17) is the energy fraction of curvaton field; while m ≡ Mp/σ¯∗ and
h ≡ H∗/Mp. Taking into account of the constraints from observations (2.3) and that of
curvaton field (3.12), we find such constraints of h < 1.3× 10−5 and 1 m 105.
Note that, the above two constraints arise from the linear level, i.e., we study the fully
nonlinear relation (3.15) at the linear level in the previous discussion, while the higher-order
terms give rise to the non-Gaussianity of the full curvature perturbation ζ in curvaton scenario
[71]. The non-Gaussianity of primordial perturbation is sensitively bounded by the current
CMB observations [88], this shall also provide a constraint on our mixed model. Many previ-
ous works (e.g., see [54, 62, 66, 71]) show that the large non-Gaussianity could be generated
in curvaton scenario or inflaton-curvaton mixed scenario, if the curvaton contributes only a
small fraction of the energy density before it decays, i.e., f  1. Thus, it is expected that
non-Gaussianity could constrain the range of the energy density fraction f defined in (3.17).
The non-Gaussianity is usually measured by the local nonlinear parameters fNL and gNL de-
fined by ζ = ζG + (3/5)fNLζ2G + (9/25)gNLζ
3
G, where ζG represents the Gaussian primordial
perturbation. Planck 2018 experiment gives the constraints [88]:
fNL = −0.9± 5.1(68% CL), gNL = (−5.8± 6.5)× 104(68% CL) . (3.21)
In our mixed scenario, the sound speed of curvaton stops oscillating at the end of inflation, and
the physical processes of curvaton after inflation are same with the previous inflaton-curvaton
mixed scenario discussed in [62, 66]. So that, the formulas for non-Gaussianity derived there
are still hold in our mixed scenario. The local nonlinear parameters fNL and gNL are given
by 3
fNL =
(
5
4f
− 5
3
− 5
6
f
)(
λ
1 + λ
)2
, (3.22)
and
gNL =
25
54
(
− 9
f
+
1
2
+ 10f + 3f2
)(
λ
1 + λ
)3
, (3.23)
3For a non-quadratic potential, one needs to consider the nonlinear evolution of curvaton field perturbation
between Hubble exit and the oscillation of curvaton [66, 71].
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where we have assumed that the energy density f is independent of curvaton field σ¯∗ for the
quadratic curvaton potential (2.4). It should be noted that there are 1/f2 terms in fNL and
gNL, making it possible to produce large non-Gaussianity in inflaton-curvaton mixed scenario
[54, 62, 66, 71].
For the non-resonant region (k 6= kc), (3.22) and (3.23) reads off
fNL =
(
5
4f
− 5
3
− 5
6
f
)[ 8
9(− 1)2(fm)2
1 + 89(− 1)2(fm)2
]2
, (3.24)
and
gNL =
25
54
(
− 9
f
+
1
2
+ 10f + 3f2
)[ 8
9(− 1)2(fm)2
1 + 89(− 1)2(fm)2
]3
. (3.25)
While for the resonant region (k = kc), λ is exponential amplified due to the narrow resonance
of SSR mechanism, and then (3.22) and (3.23) are approximated to
fNL ' 5
4f
− 5
3
− 5
6
f , (3.26)
and
gNL ' 25
54
(
− 9
f
+
1
2
+ 10f + 3f2
)
, (3.27)
which recover the standard curvaton results [71]. For m = 3.4×104, the observational bounds
(3.21) provide the constraints on f :
f ∈
{
(0, 0.00018) ∪ (0.207, 5.474), k 6= kc,
(0.207, 5.474), k = kc .
(3.28)
Note that the range of value (0.207, 5.474) is independent of the value of m. And we have
assumed that the observational bounds (3.21) are also hold on small scales, which is not
necessarily the true case. However, this implies that the non-Gaussianity can be used as a
tool to test our mixed scenario in future experiments. For example, for the very small energy
fraction f = 0.04, and fNL = 29.55 and gNL = −103.505 in the resonant region. With above
considerations, we choose the range (0, 0.00018)∪ (0.207, 5.474) of f within the observational
bounds.
Fig. 3 shows the schematic diagram on the energy density evolutions of inflaton, cur-
vaton and their decay products (radiation). Fig. 4 shows the parameter space of {m,h} by
setting f = 0.04. Consequently, our numerical results show that λ  1, could match the
scale-invariant power spectrum (2.3) on large scales, see Fig. 5. This implies that the infla-
ton perturbation is subdominant for small energy fraction f in the inflaton-curvaton mixed
scenario (2.1), which recovers the standard curvaton models. Previous works on PBH for-
mation via curvaton scenario [89, 90] suggest that in order to maintain the scale-invariant
property, the primordial density perturbations generated from curvaton should be dominant
on small scales while inflaton dominates on large scales. By contrast, our model shows that
such perturbation could be dominant on all scales. For the large energy fraction f , λ could be
comparable with or even smaller than unity in the non-resonant region (k 6= kc). For example,
when we choose the values of parameters as follows: for f = 1.5, m = 25, h = 9 × 10−6,
we yield λ = 89( − 1)2(fm)2 ' 1.2, implying the contributions from curvaton and of in-
flaton are on the same order of magnitude in the non-resonant region; for f = 2, m = 10,
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Figure 2. Observational constraints on the parameter space {f,m, h} of the inflaton-curvaton mixed
scenario. The parameter space is constrained by the scale-invariant power spectrum (2.3) Pobsζ '
2 × 10−9 on large scales, while the major peak of the enhanced power spectrum Ptotζ (kc) (3.20) on
small scales is bounded by 1 in the perturbative regime.
log a
log ρ
H=Γϕ H=ΓσH~mσ
ρσ
ρϕ
ρR∝a-4
ρσ∝a-3
ρR∝a-4
ρr∝a-4
Figure 3. The diagram shows the evolution of the background energy density for inflaton (red line),
curvaton (blue line), and their decay products (radiation). The green line denotes the total energy
density of radiation after curvaton decays. The solid lines refer to the case where curvaton is still
subdominant at its decay, while the dashed lines refer to the case where curvaton becomes dominant
before its decay.
h = 1.1 × 10−5, we yield λ ' 0.3, implying that the relative contribution from inflaton is
dominant on all scales except for the resonant region around kc. Within the model parameter
space {f,m, h}, the peak of λ for the large energy fraction f is slightly lower than that of the
small f .
3.3 Primordial density perturbation with a peak
We focus on the characteristic mode kc ' (1 + ξ)k∗, the parameter λ evolves as λ(τ) '
λ(τi)e
−ξkcτi ' 89( − 1)2(fm)2e−ξkcτi before Hubble crossing, where we have set the mode
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Figure 4. The constraints on the parameters {m,h}, when we take the values of parameters as
follows: ξ = 0.1,  = 0.001, v = 200, f = 0.04.
0 . 8 1 . 0 1 . 2 1 . 41 0 1
1 0 3
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1 0 9
1 0 1 1
k / k *
λ
Figure 5. The relative fraction of contribution from curvaton to that of inflaton. The resonance
happens around the characteristic mode kc ' (1 + ξ)k∗, and the width of resonance is quite narrow
(∼ ξk∗). Within a wide range, we have λ  1 which implies that the contribution of curvaton is
dominant over inflaton for small energy fraction f . The parameters are chosen as follows: ξ = 0.1,
 = 0.001, v = 200, η = 10−9, f = 0.04, m = 3× 104 and h = 3.5× 10−7.
function at the beginning of resonance to the BD vacuum, vk(τi) = e−ikτi/
√
2k. The enhance-
ment factor e−ξkcτi arises from the interplay of two effects as discussed in [47]: the oscillation
in the sound speed, controlled by its amplitude ξ; and the expansion of the Universe from the
beginning of the resonance to the Hubble crossing of kc, i.e., v ≡ −kcτi = τi/τc ' e∆N , where
∆N is the e-folding number for this period of inflation. The numerical results show that the
peaks for harmonic frequencies 2kc, 3kc, · · · are suppressed by a factor of around O(10−8),
so they can be safely neglected. For simplicity, we keep our discussion on the kc mode, and
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Figure 6. The power spectrum of primordial curvature perturbations with a sharp peak caused by
SSR mechanism in the inflaton-curvaton mixed scenario and the comparison with various observational
windows [91]. The major peak is around k∗ = 7× 109 Mpc −1. The rest of the peaks are suppressed
by a factor of O(10−8), which are not shown in the figure.
parametrize the power spectrum using a δ function
Ptotζ ' As
(
k
kp
)ns−1(
1 +
ξk∗
2
eξvδ(k − kc)
)
, (3.29)
where As = (1 + λ(τi))Pζφ ' 2 × 10−9 is the amplitude of the standard power spectrum
(2.3) and ns is the spectral index at pivot scale kp ' 0.05Mpc−1. The total primordial power
spectrum Ptotζ is shown in Fig. 6, the value is amplified around the characteristic scale kc,
while it remains nearly scale-invariant on large scales.
4 PBH Formation
We now study the formation of PBHs due to enhancement in the primordial power spectrum
in the inflaton-curvaton mixed scenario (3.29), the analysis is quite similar with [47]. From
Fig. 5, the peak in the power spectrum is extremely narrow (∼ ξk∗), thus only the modes with
frequencies very close to kc would be able to reach sufficiently large amplitude to collapse into
black holes. After Hubble exit, if the density perturbations from these modes are greater than
a critical value δc, they could collapse into black holes due to gravitational attraction after
Hubble reentry. The Schwarzschild radius of PBHs with mass M is related to the physical
wavelength of the mode kM at a Hubble reentry, kM,ph = kM/aM ' R−1s = (M/4piM2p )−1.
Accordingly, the PBH mass can be expressed as a function of kM via
M ' γ 4piM
2
p
H[texit(kM )]
e∆N(kM ) , (4.1)
where ∆N(kM ) = ln{a[tre-entry(kM )]/a[texit(kM )]} is the e-folding number from the Hubble-
exit time of the mode kM to its reentry time. The correction factor γ represents the fraction
of the horizon mass responsible for PBH formation, which can be simply taken as γ ' 0.2
[23]. Given the sharpness of the peak in the power spectrum, the PBHs formed in this context
are likely to possess a rather narrow range of mass.
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Figure 7. The constraints on the oscillation amplitude ξ from various astronomical experiments as
shown in Fig. 8.
To estimate the abundance of PBHs with massM , one usually defines β(M) as the mass
fraction of PBHs against the total energy density at the formation, which can be expressed
as an integration of the Gaussian distribution of the perturbations
β(M) ≡ ρPBH(M)
ρtot
=
γ
2
Erfc
[
δc√
2σM
]
, (4.2)
where Erfc denotes the complementary error function. σM is the standard deviation of the
density perturbations at the scale associated to the PBH mass M , which can be further
expressed as σ2M =
∫∞
0 (dk/k)W (k/kM )
2 16
81(k/kM )
4Pζ(k), where W (x) = exp(−x2/2) is a
Gaussian window function. Since the scale-invariant part of the power spectrum is smaller
than the critical density, no black holes would form except at scales very near the resonance
peak. As we are working in the perturbative regime, the height of the peak in Pζ(k) should not
exceed unity, corresponding to a maximal variance σ2M . 881ξ(kc/kp)ns−1(kc/kM )4e−k
2
c/k
2
M ,
which is similar with [47]. Combining the current experimental constraints shown in Fig. 8,
this maximum variance gives upper bounds for oscillation amplitude ξ with different ∆N(kM ),
which is shown in Fig. 7.
PBHs formed by SSR mechanism can account for dark matter in wide parameter ranges
and easily satisfy experimental bounds. To see this, we consider the fraction of PBHs against
the total dark matter component at present time [5]
fPBH(M) ≡ ΩPBH
ΩDM
= 2.7× 108
( γ
0.2
)1/2 (g∗,form
10.75
)−1/4( M
M
)−1/2
β(M) , (4.3)
where g∗,form is the total relativistic degrees of freedom at the PBH formation time.
The numerical results of fPBH with the current experimental constraints are shown in
Fig. 8. We have chosen the parameters as follows: γ ' 0.2, g∗,form = 100 [10] and the
threshold value for PBH formation δc = 0.37 [5, 92], as well as adopting the Planck result for
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Figure 8. The fraction of PBH against the total DM density, fPBH, in the inflaton-curvaton mixed
scenario, for different values of k∗. The colored shadow areas refer to the constraints from vari-
ous astronomical experiments, including observations of the extra-galactic γ-ray background (EGγ),
constraints from white dwarves (WD), lensing events (HSC, EROS/MACHO, SNe, OGLE), ultra-
faint dwarf galaxies (UFD) and the cosmic microwave background (CMB). We take the value of the
parameters as follows: ξ = 0.1, γ ' 0.2, g∗,form = 100, δc = 0.37 and ns = 0.968.
ns = 0.968 [50], and choosing the oscillation amplitude to be ξ = 0.1 [47]. Fig. 8 shows the
current bounds of experiments including extra-galactic γ-ray background (EGB) [10], white
dwarves (WD) [93], and lensing events including Hyper Suprime-Cam (HSC) [94], Expérience
pour la Recherche d’Objets Sombres (EROS) / massive astrophysical compact halo object
(MACHO) [95], Optical Gravitational Lensing Experiment (OGLE) and supernovae (SNe)
[96]. Fig. 8 also shows the constraints from ultra-faint dwarf galaxies (UFD) [97] and the
CMB background [98, 99]. In Fig. 8, the red dashed lines correspond to fPBH with different
choices for the resonance frequencies k∗. Since we obtain the similar maximal variance in
density perturbation on the mass scale MPBH before, the results for fPBH in the mixed
scenario are similar with [47]. As discussed in [47], one can see from Fig. 8 that the PBH
mass distribution is given by a narrow peak around k∗: this is a distinctive feature of the
PBHs formed by SSR mechanism apart from the PBHs formed by other processes, for which
the mass distribution is usually more spread out. By varying the value of k∗, the peaks form
a 1-parameter family enveloped by a yellow solid curve that mainly depends on the amplitude
ξ.
5 Conclusion
In this work, we study SSR mechanism in the inflaton-curvaton mixed model, in which the
total primordial density perturbation is contributed by both the inflaton and the curvaton
fluctuations. In contrast to the original SSR mechanism [47], we assume that the sound
speed of the curvaton fluctuations is oscillating instead of the inflaton fluctuations during
inflation, which in turn leads to the standard adiabatic perturbation in our model. For sim-
plicity, we consider a quadratic potential for curvaton field and a general inflaton potential
characterized by the slow-roll parameter , which is assumed to be time-independent in the
quasi-de Sitter approximation for background. We start from the Mukhanov-Sasaki equa-
tion for mode function of the curvaton fluctuations, and it can be rewritten as a standard
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Mathieu equation in the quasi-de Sitter approximation, which has a narrow resonance range
in the model parameter space. We have also examined carefully the de Sitter approximation
and the quasi-de Sitter approximation in SSR mechanism during inflation, and it turns out
that these two approximations match reasonably well with the numerical results for both
the resonating inflaton and the resonating curvaton. Consequently, we find that the mode
function is exponentially amplified around the characteristic frequency kc, while the other
modes behave as the BD vacuum state. After the inflationary era, inflaton is assumed to
decay into radiation immediately, while the curvaton energy density is still subdominant and
carries the entropy perturbation which could convert into adiabatic curvature perturbation
before curvaton decays. Finally, we obtain the total primordial curvature perturbation which
is enhanced on small scales and remains nearly scale-invariant on large scales. Since we work
in the perturbative regime, the maximum value in amplified total primordial spectrum must
not exceed than unity. By combining with the observational constraints on the primordial
density perturbation, we plot the parameter space {f,m, h} of the mixed scenario. Moreover,
we calculate the non-Gaussianity and provide constraints on the energy density f . For the
small energy fraction of curvaton at its decay, the relative contribution of curvaton for pri-
mordial density perturbation is much larger than that of the inflaton on both small and large
scales, and thus inflaton perturbation could be subdominant in the mixed scenario, which is
different from other’s works on PBH formation via curvaton mechanism. Moreover, inflaton
perturbation could become the dominant contribution in the non-resonant region, only if the
energy density of the curvaton becomes dominant before its decay.
After the standard calculations, we acquire the maximal variance of the primordial
density perturbation on the mass scale MPBH, which gives the upper bounds for oscillation
amplitude ξ combining with the current bounds of various experiments on the PBHs. Similar
with the original SSR mechanism studied in [47], the PBH mass distribution is given by a
narrow peak around the characteristic scale k∗, and by varying k∗, one could acquire a wide-
range distributed mass spectra from 10−17M ∼ 104M, which are within the current bounds
from a number of astronomical experiments.
Moreover, we mention that it is interesting to break the degeneracy between the res-
onating inflaton [47] and the resonating curvaton, through the induced GW signals due to
different nonlinear couplings between scalar and tensor modes. The GWs induced by the
resonating inflaton from the inflationary era is dominated by the sub-Hubble modes [21].
When we consider the existence of curvaton, the entropy perturbation arise from curvaton is
expected to affect the GW signals induced by the curvaton perturbations. This issue will be
addressed in the follow-up study.
A The solution of the mode function
The general solution for mode function from (2.13) is given by
vk(τ) = A1C
[k2
k2∗
(
1− 2ξ
)
,
(
2− k
2
k2∗
)
ξ, x
]
+A2S
[k2
k2∗
(
1− 2ξ
)
,
(
2− k
2
k2∗
)
ξ, x
]
, (A.1)
where the terms C[Ak, q, x] and S[Ak, q, x] are Mathieu cosine and sine functions, respectively.
Moreover, the coefficients A1 and A2 are determined by matching the BD vacuum at the
moments earlier than the beginning of the oscillation of sound speed. We assume that at the
beginning of oscillation of the sound speed cs, the mode functions vk stay in the BD vacuum.
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Thus, we have the joint conditions
vk(τi) =
1√
2k
e−ikτi ,
v′k(τi) =
( 1√
2k
e−ikτ
)′∣∣∣
τ=τi
. (A.2)
The above conditions determine the coefficients A1 and A2 in (A.1) as follows:
A1 =
e−ikτi
(− ikS[Ak, q,−xi]− k∗S′[Ak, q,−xi])√
2kk∗M [Ak, q,−xi]
,
A2 = −
e−ikτi
(
ikC[Ak, q,−xi] + k∗C ′[Ak, q,−xi]
)
√
2kk∗M [Ak, q,−xi]
, (A.3)
where there is
M [Ak, q,−xi] ≡ C ′[Ak, q,−xi]S[Ak, q,−xi]− C[Ak, q,−xi]S′[Ak, q,−xi] , (A.4)
and we have defined xi ≡ −k∗τi. The derivatives of Mathieu functions are denoted by
C ′[A, q, x] ≡ ∂C[A, q, x]/∂x and S′[A, q, x] ≡ ∂S[A, q, x]/∂x.
B The effective mass term z′′/z
The effective mass term z′′/z can be expanded in terms of small amplitude ξ up to the first
order in the quasi-de Sitter approximation for the resonating inflaton, i.e.
z′′
z
=
2− 
(− 1)2τ2 +
4k∗ξ
(− 1)τ sin(2k∗τ) + 4k
2
∗ξ cos(2k∗τ) +O(ξ2) . (B.1)
Since we focus on the sub-Hubble oscillating modes, i.e. |k∗τi|  1, then all the terms
containing the slow-roll parameter  can be dropped in the Mathieu equation (2.13). Thus,
the de Sitter approximation and the quasi-de Sitter approximation in SSR mechanism are
similar, which are shown in Fig. 1. We notice that in the de Sitter approximation, → 0, the
effective mass term z′′/z (B.1) reduces to the one in [47].
In a general inflation model and a curvaton model (involving a general potential or a
non-canonical kinetic term, e.g., involving a coupling to other field(s)), the variable z defined
in (2.7) can be expressed as
z =
f(τ, )
cs
, (B.2)
where f(τ, ) is an arbitrary function determined by the dynamics of background curvaton
and the evolution of background spactime, the sound speed parameter cs is given by (2.5).
And then, it is straightforward to expand the effective mass term z′′/z in terms of the small
amplitude ξ:
z′′
z
=
f ′′(τ, )
f(τ, )
+ 4
f ′(τ, )
f(τ, )
ξk∗ sin(2k∗τ) + 4ξk2∗ cos(2k∗τ) +O(ξ2) , (B.3)
where the prime denotes the derivatives with respect to the conformal time τ . Note that,
the term 4ξk2∗ cos(2k∗τ), which arises from the parametrization of the sound speed cs (2.5),
is dominant on sub-Hubble scales, which is of importance to the resonance effect in Mathieu
equation (2.13), e.g., the resonating curvaton discussed before and the resonating inflation
studied in [47]. With a consistency check, the general express (B.3) agrees with the results
(2.12) and (B.1) in the quasi-de Sitter approximation for the resonating curvaton and the
resonating inflaton, respectively.
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